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We investigate the relative stability, structural properties and electronic structure of various
modulated martensites of the magnetic shape memory alloy Mn2NiGa by means of density functional
theory. We observe that the instability in the high-temperature cubic structure first drives the
system to a structure where modulation shuffles with a period of six atomic planes are taken into
account. The driving mechanism for this instability is found to be the nesting of the minority band
Fermi surface, in a similar way to that established for the prototype system Ni2MnGa. In agreement
with experiments, we find 14M modulated structures with orthorhombic and monoclinic symmetries
having energies lower than other modulated phases with the same symmetry. In addition, we also
find energetically favourable 10M modulated structures which have not been observed experimentally
for this system yet. The relative stability of various martensites is explained in terms of changes in
the electronic structures near the Fermi level, affected mostly by the hybridisation of Ni and Mn
states. Our results indicate that the maximum achievable magnetic field-induced strain in Mn2NiGa
would be larger than in Ni2MnGa. However, the energy costs for creating nanoscale adaptive twin
boundaries are found to be one order of magnitude higher than that in Ni2MnGa.
I. INTRODUCTION
Magnetic shape memory (MSM) alloys have drawn
much attention in recent years due to substantial mag-
netic field induced strain (MFIS) and large magne-
tocaloric effect (MCE), which are useful for state of the
art technologies [1–8]. The magneto-structural coupling,
along with magnetocrystaline anisotropy, increases the
MFIS, thus making the material interesting for magne-
tomechanical actuators [5]. The observation of a large
reversible MFIS is connected to the presence of modu-
lated low-symmetry martensites which evolve when the
high-temperature, high-symmetry cubic structure phase
transforms to low-temperature, low-symmetry structures
in a diffusionless way [9]. These modulated marten-
sites can be commensurate and incommensurate or-
thorhombic or twinned monoclinic structures [10–15].
The phases exhibit a high mobility of particular twin
boundaries [16, 17], which can even be driven in mod-
erate magnetic fields and a low hysteresis which makes
them appealing as smart materials for actuator and sen-
sor applications. This is believed to be a consequence
of the formation of a hierarchical martensitic microstruc-
ture, which involves twinning of twinned or modulated
structures, spanning several length scales [18–20]. De-
pending on the martensitic structure at the working tem-
perature, different manifestations of the functional prop-
erties can be achieved in these systems. For example, a
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6% strain was obtained in the martensitic phase of Ni-
Mn-Ga alloy with a five-layered modulated (10M) struc-
ture [2, 21]. Later MFIS as large as 10% was observed in
the same system with a seven-layered modulated struc-
ture (14M) [3, 21].
A volume of work has been done on the prototype Ni-
excess Ni-Mn-Ga system, often in the stoichiometric com-
position of 2:1:1, to understand the origin of these modu-
lated structures. One line of thought considers solely the
softening of a particular vibrational mode at a specific
wave vector, due to Fermi surface nesting, as the origin
of the modulated phases, which are shearing of lattice
planes within the equilibrium martensite phase [22, 23].
In contrast, the concept of adaptive martensites [24] con-
siders the modulated structures, instead of being equi-
librium structures, as metastable microstructures of the
nonmodulated (NM) martensite. Both concepts gained
significant currency due to corroborations by theoreti-
cal calculations and experimental observations, e.g., for
the case of stoichiometric and Ni-excess Ni-Mn-Z sys-
tems [19, 25–29]. Very recently, an attempt has been
made to unify the opposing lines of thought [30]. Never-
theless, the fundamental understanding of the modulated
phases can only be considered complete if the underlying
concepts can be applied to a broader set of systems.
Although Ni2MnGa, the prototype MSM, has wonder-
ful prospects for several applications, it has some serious
limitations. The martensitic transformation temperature
(Tm) of stoichiometric Ni2MnGa is only around 200 K,
while the Curie temperature (Tc) is nearly 380 K, which
is still too close to room temperature [31, 32]. These
properties can be improved in off-stoichiometric systems
but the use as a magnetic field induced actuator is – apart
from the low value of Tm – also restricted due to brittle-
ness, high dependence of MFIS on the crystal structure.
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2Attempts to discover other MSMs which would take care
of these shortcomings, led to Mn2NiGa [33]. Mn2NiGa
shows martensitic transformation near room temperature
(Tm=270 K) and has a high Curie temperature (Tc=588
K) which make this material promising for better prac-
tical applications [33, 34]. The ferrimagnetic coupling
between two Mn atoms gives rise to further interesting
physical properties in Mn2NiGa [35]. Singh et al. re-
ported spin-valve-like magnetoresistance in Mn2NiGa at
room temperature [36]. Recently, a notable inverse mag-
netocaloric effect (MCE) was reported in Mn2NiGa [37].
Liu et al. found that Mn2NiGa exhibits 4% MFIS while
its low-temperature structure is nonmodulated tetrago-
nal [33]. Indeed, total energy calculations on tetragonally
deformed Heusler structures by density functional theory
(DFT) based methods showed that Mn2Ni-based Heusler
alloys undergo volume-conserving transformations from
cubic to tetragonal structures [38, 39]. However, mod-
ulated structures are expected when a magnetic system
undergoes diffusion-less martensitic transformation and
also exhibits MFIS, and a seven-layered monoclinic mod-
ulated structure was observed at room temperature in
the powder x-ray diffraction study of Mn2NiGa [40]. It
was observed that the structure of the martensitic vari-
ant is quite sensitive to the residual stress in the system.
Recent neutron diffraction study of Mn2NiGa has also
reported a seven-layered orthorhombic modulated struc-
ture at low temperature [41]. The handful of experimen-
tal results and the signatures obtained from the DFT
calculations thus call for a detailed investigation into the
energy landscape to understand and interpret the ori-
gin and stabilities of different modulated structures in
the martensite phase of Mn2NiGa. Such an investiga-
tion is required since the efficiency of MFIS and MCE
depend substantially on the structures in the martensite
phases for MSM systems. Such a study would also pro-
vide further insights into the mechanism of the marten-
sitic phase transformation in Ni-Mn-Ga systems and put
the research on understanding of the modulated struc-
tures in Heusler MSM compounds in a broader perspec-
tive.
In this paper, we therefore investigate the structural
properties and relative stabilities of different modulated
structures of Mn2NiGa and make an attempt to under-
stand the origin of the sequences of structural phases as
the system is driven from high-temperature cubic to low-
temperature NM tetragonal variant. Comparisons with
Ni2MnGa are made in order to understand the physical
mechanism. Using DFT calculations, we first perform an
elaborate study of the structural properties of the various
crystalline phases. Then we present and discuss results
on the sequences of various phases and their relative sta-
bilities from their electronic structures. The origin of the
modulated structures is explained next by presenting re-
sults on phonon dispersions, the features in the Fermi
surfaces, and the electronic susceptibilities.
II. COMPUTATIONAL DETAILS
Electronic structure calculations were performed with
the spin-polarized density functional theory (DFT) based
projector augmented wave method [42] as implemented in
the Vienna ab initio Simulation Package (VASP) [43, 44].
For all calculations, we have used the PBE-GGA func-
tional [45] for exchange and correlation parts in the
Hamiltonian. A high kinetic energy cutoff of 750 eV
was used for all calculations to address the small en-
ergy difference between different modulated structural
phases. For Ga, the 3d electrons were included in the
valence band. The Brillouin zone was sampled by the
Monkhorst-Pack [46] k-point generation scheme with a
uniform 21x21x21 k-point mesh for the cubic structure, a
12x4x8 mesh for 6M modulated structures, and a 10x2x8
mesh for 10M and 14M modulated structures, after care-
ful convergence tests. The total energy convergence crite-
ria were set to 10−5 eV and the force convergence criteria
were set to 10−2 eV/A˚.
Phonon dispersion relations were calculated with the
direct method as implemented in the PHON package [47].
A 4x4x4 supercell containing 256 atoms with a small
atomic displacement of 0.02 A˚ was used to calculate the
force constant matrices. An energy cut-off of 500 eV and
a 2x2x2 k mesh were used for the calculations of forces.
Fermi surfaces and generalized susceptibilities were ob-
tained from electronic structure calculations. As for the
total energy calculations, we employed the VASP code
using the PBE functional and the tetrahedron method
for the integration over a dense Γ-centered k-mesh con-
taining 75 × 75 × 75 points in the full Brillouin zone
(9880 in the irreducible part). This dense mesh was used
in the self-consistency cycle to determine charge distri-
bution and eigenvalues which are required to be signif-
icantly more accurate than in our previous calculations
of the Fermi surfaces of Ni2MnGa obtained by a similar
procedure [48, 49]. The k-dependent eigenvalues were
processed by a script written for the computer algebra
system Mathematica. The script unfolds the irreducible
part of the Brillouin zone and determines the Fermi sur-
face as the cross section at the Fermi level of the four-
dimensional energy in reciprocal space, interpolated by
cubic splines. The real part of the generalized suscepti-
bility was obtained from the same quantity in the way
described in Sec. IIID.
III. RESULTS AND DISCUSSIONS
A. Structural properties of cubic, non-modulated,
and different modulated phases
In this subsection, we present detailed results on the
structural parameters of the different phases of Mn2NiGa
at different temperatures. The high-temperature phase
of this system, like Ni2MnGa, is a variant of the L21
structure. Experimental results [33, 34, 40] and theoret-
3FIG. 1: (a) Cubic Hg2CuTi structure of Mn2NiGa. (b) Non modulated tetragonal (L10)structure. (c) 6M structure. (d) 10M
structure. (e) 10M(32¯)2 structure. (f) 14M3/7 structure. (g) 14M2/7 structure. (h) 14M(52¯)2 structure for the martensitic
phase.
ical calculations [35, 38, 39] have confirmed that the the
high-temperature, high symmetry structure of Mn2NiGa
alloy is the Hg2CuTi structure (space group No. 216;
F 4¯3m) with four inequivalent Wyckoff positions (4a, 4b,
4c, 4d) in the unit cell. The 4a (0,0,0) and 4c (0.25,
0.25, 0.25) Wyckoff positions are occupied, respectively,
by two Mn atoms, MnI and MnII. Ni and Ga occupy
the 4b (0.5, 0.5, 0.5) and 4d (0.75, 0.75, 0.75) sites re-
spectively. The structure is shown in Fig. 1(a). The
equilibrium lattice constant is determined by calculating
the total energy as a function of lattice parameters and
then by fitting the results to the Murnaghan equation of
state. Our calculated lattice constant a=5.84 A˚ is within
1% with the experimental lattice constant a=5.907 A˚ [33]
and shows excellent agreement with other theoretical re-
sults [35, 38, 39].
Liu et al. first reported the shape memory behav-
ior in Mn2NiGa and observed a martensitic transforma-
tion around room temperature [33, 34]. From the x-ray
diffraction pattern in the system, they concluded that
the low-temperature structure is a nonmodulated(NM)
tetragonal structure, as shown in Fig. 1(b). In order to
verify this, we tetragonally distort the cubic structure,
keeping the volume constant at the equilibrium volume
of the high- temperature structure, and compute the total
energy as a function of the tetragonal distortion provided
by the value of c/a. The total energy curve of Mn2NiGa
consists of two minima, one shallow at c/a = 0.93 and an-
other deep at c/a = 1.28, as shown in Fig. 3. The energy
difference between the cubic(c/a = 1.0) and NM tetrago-
nal structure at c/a = 0.93 is about 3 meV/atom whereas
that value for c/a = 1.28 is about 28 meV/atom. Our
calculated values of the c/a and the energy differences are
in good agreement with a previously reported result [38].
This, thus is in agreement with the experimental obser-
vations from the x-ray diffraction data. However, the
presence of a meta-stable minimum for c/a < 1 indicates
that other martensitic NM structures may be present in
Mn2NiGa. A similar feature has also been reported for
the related isoelectronic compound Mn2PtGa [50]. For
Ni2MnGa, a stable phase with c/a < 1 could only be ob-
tained in DFT calculations by shuffling the atomic planes
resulting in modulated structures, such as 6M, 10M, and
14M, which differ from one another by the period of mod-
ulations [12–14, 51–54]. It has also been observed that
the existence of a particular modulated structure in Ni-
Mn-Ga system depends on the relative concentrations of
the three constituents and also on the resolution of the
diffraction technique [14].
The results above and the observation of a 14M mono-
clinic modulated structure by Singh et al. [40] and a 14M
orthorhombic modulated structure by Brown et al. at low
temperature [41] in Mn2NiGa show that there can be sev-
eral modulated structures in this system, depending on
the periodicity of the modulations and/or the stacking
sequences of atomic layers. Accordingly we perform de-
tailed computations of the structural aspects of different
modulated structures of Mn2NiGa, with orthorhombic
and monoclinic lattice parameters. In what follows, we
present results on pseudotetragonal 6M, 10M, and 14M
modulated structures with orthorhombic lattice parame-
ters originating from wavelike modulations, and on 10M
and 14M modulated structures with monoclinic symme-
try originating from stacking sequences.
The 10M structure in Ni2MnGa is probably the most
studied modulated martensite in terms of atomistic sim-
ulations (see, e.g., Refs. 30, 51, 52, 54–60). Experimen-
tally, the 10M of Ni2MnGa is frequently reported as an
4incommensurate modulation [12, 14, 15, 53, 61], e. g, its
period does not amount to exactly 10 lattice planes, but
there is some notable deviation leading to irrational wave
vectors, which is difficult to model accurately, as it re-
quires large supercells [62, 63]. An incommensurate mod-
ulation is straightforwardly explained in terms of a soft
phonon mode arising from an electronic instability at the
Fermi surface (which can lead to arbitrary wave vectors),
instead of a twinned microstructure. But there is an on-
going discussion, as to whether a statistically perturbed
stacking sequence might alternatively explain the exper-
imental observation [15, 30, 64, 65]. Since the differences
in total energy are expected to be rather small, it is very
difficult to accurately predict incommensurate modula-
tions from atomistic calculations. Therefore, we will con-
centrate, as most theoretical approaches up to now, on
the paradigmatic commensurate modulations ubiquitous
in literature, like 6M, 10M and 14M. These will be con-
sidered alternatively as sinusoidal modulations confined
in a orthorhombic cell and as nano-twinned structures
with fully optimized monoclinic lattice parameters.
Although no report on the existence of a 10M structure
is available for Mn2NiGa, we performed structural opti-
mization and total energy calculation for this structure.
Following Zayak et al. [51], we constructed a 1×5×1 su-
percell of a body- centered tetragonal (bct) structure,
generated from the high-temperature cubic structure.
The supercell, shown in Fig. 1(d), contains 40 atoms.
The modulation was incorporated by shuffling the (110)
atomic planes along [11¯0] direction, thus including two
sine periods in the ten atomic layers along [110]. An ini-
tial displacement of 0.2 A˚ was chosen for both Ni-Mn and
Mn-Ga atomic planes.
We optimized the atomic positions of 10M structure
for different volumes around the equilibrium volume of
the high-temperature phase, by keeping the shape of the
cell fixed, thus representing the pseudotetragonal or or-
thorhombic structure. The results of total energies for
different volume of the 10M structure are shown in Fig.
2. We obtained an energy minimum at c/a = 0.88. From
Fig. 2, it is observed that the c/a ratio does not change
much with the volume of the cell. Therefore, in order
to investigate the volume change, we have calculated the
total energies at different volumes, but with the c/a ratio
at a constant value of 0.88. We obtained a volume change
of 0.05% for the 10M structure, (Table I). After atomic
relaxation the structure preserves the wavelike modula-
tion with modulation amplitude 0.565 A˚ for the Mn-Ni
plane and 0.554 A˚ for the Mn-Ga plane.
In order to benchmark our technical settings, we
also calculated the structural parameters of the 10M
Ni2MnGa structure using the same approach. We ob-
tained an energy minimum at c/a = 0.92 with a modula-
tion amplitude of 0.332 A˚ for the Mn-Ga planes and 0.363
A˚ for the Ni planes. The obtained c/a ratio of the 10M
structure for Ni2MnGa is consistent with other theoret-
ical results [51, 54, 59]. The optimized modulation am-
plitudes in our calculation are slightly larger than those
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FIG. 2: The total energies of pseudotetragonal 10M structure
(with orthorhombic lattice parameters) relative to the cubic
Hg2CuTi structure, as a function of c/a ratio for five different
volumes: 490 A˚3, 495 A˚3, 497.94 A˚3(equilibrium volume of
cubic structure), 500 A˚3, and 505 A˚3.
reported by Zayak et al.. This could be due to the c/a
ratio of 0.92 obtained in our calculations which is smaller
than the value 0.955 used by Zayak et al. [51] according
to the linear relationship of modulation amplitude with
the c/a ratio [54].
Next, we investigated the 6M and 14M structures with
orthorhombic symmetry for Mn2NiGa. The 6M and 14M
structures were constructed by 1 x 3 x 1 and 1 x 7 x 1
supercells of the bct structure as shown in Figs. 1(c), (f)
and (g), respectively. The 6M and 14M structures con-
tain 24 and 56 atoms, respectively, in the unit cell. For
the 6M structure, one period was fitted into six atomic
planes. For the 14M structure, two possible kinds of
modulations are reported in the context of Ni2MnGa:
(1) two periods fitted into 14 atomic planes, referred to
as 14M2/7[see Fig. 1(f)] [13] and (2) three periods fit-
ted into 14 atomic planes, referred to as 14M3/7[see Fig.
1(g)] [53]. In the absence of any experimental information
on the nature of the 14M modulation in this system, we
considered both types of 14M modulations in our work.
TABLE I: The calculated lattice parameters of Mn2NiGa
in cubic Hg2CuTi-type, NM tetragonal(L10), 6M, 10M and
14M structures with wavelike modulation. For the pseudo-
tetragonal 6M, 10M and 14M, the orthorhombic lattice pa-
rameter b is fixed as 3×a, 5×a, and 7×a, respectively, while
the ratio c/a0 is calculated from a0 =
√
2 a allowing direct
comparison with the cubic case where c/a = 1.
Lattice parameter
Structure a (A˚) c (A˚) c/a0 ∆V/V (%)
Cubic 5.84(5.90) 5.84 1.00 0.00
6M 4.29 5.40 0.89 0.22
10M 4.30 5.36 0.88 0.05
14M3/7 4.29 5.40 0.89 0.22
14M2/7 4.31 5.36 0.88 0.05
Tetragonal 3.80 6.88 1.28 0.65
14M[expt.] [41] 4.172 5.336 0.90
5The optimized lattice parameters for all the structures
considered are given in Table I. The modulation ampli-
tudes of the 6M, 14M3/7, and 14M2/7 structures are 0.506
A˚, 0.5 A˚ and 0.52 A˚, respectively, for Mn-Ni planes and
0.492 A˚, 0.481 A˚ and 0.507 A˚, respectively, for Mn-Ga
planes. Our calculated structural parameters of different
modulated structures and the NM tetragonal structure
are within 2-3 % of the available experimental lattice pa-
rameters [33, 41].
We next calculated the structural parameters of 10M
and 14M modulated structures by allowing full mono-
clinic variation of the constructed supercells. The mon-
oclinic structures are obtained by displacing the atomic
layers in a different manner on top of the periodic mod-
ulations. For the 10M structure, three atomic planes
are shifted in one particular direction while two atomic
planes are shifted in the opposite direction, generating a
(32¯)2 stacking sequence [Fig. 1(e)]. In the case of the
14M structure, the (52¯)2 stacking sequence was chosen,
as shown in Fig. 1(h). These (32¯)2 and (52¯)2 stacking
sequences are usually considered for 10M and 14M struc-
tures, respectively [52, 64], although Zayak et al. [52]
showed that a different sequence can also be stabilized
for Ni2MnGa. In the case of Mn2NiGa, the initial shifts
of the planes were chosen from the experimentally re-
ported monoclinic angle β = 93.1◦ for a 14M structure,
although there is no result reported about the stacking
of atomic planes [40]. Thus, the initial shift of the two
consecutive lattice planes was taken to be 0.356A˚ in our
calculations. The structures were relaxed with respect
to the ionic positions, and the shape and volume of the
supercells. The relaxed structural parameters for these
two structures are given in Table II. Our calculated lat-
tice parameters for the 14M structure have small differ-
ences with the experimentally reported parameters for
Mn2NiGa. This difference might be due to the presence
of extra 3.5% Mn content in the experimental sample [40]
or might be due to the stacking sequence we chose in our
calculations.
The (c/a) ratio in the martensitic phase is related to
the maximum theoretically achievable MFIS as |1− c/a|.
In case of Ni-rich Ni-Mn-Ga, the experimental MFIS
value was found to be almost close to the theoretical max-
imum MFIS for 10M (c/a≈0.94) and 14M (c/a≈0.90)
structures. From the results on the structural param-
eters, we conclude that for Mn2NiGa, the maximum
achievable MFIS for wavelike modulated structure is 11%
TABLE II: The calculated lattice parameters of Mn2NiGa
in 10M and 14M monoclinic structures with (32¯)2 and (52¯)2
stacking sequences, respectively.
Lattice parameter
Structure a (A˚) b (A˚) c (A˚) γ in degree ∆V/V (%)
10M(32¯)2 4.36 5×4.27 5.35 93.3 0.20
14M(52¯)2 4.36 7×4.27 5.36 96.3 0.34
14M[expt.] [40] 4.25 7×4.13 5.36 93.1
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FIG. 3: The variation of the total energy in NM tetragonal
(L10) and in the different modulated structures of Mn2NiGa
as a function of the c/a ratio. The zero energy is taken to be
the energy of the cubic Hg2CuTi-type inverse Heusler struc-
ture. The energies of the pseudo-cubic structures (modulated
structures inscribed in an orthorhombic cell with c/a = 1) are
shown in the inset.
(c/a≈0.89) and that for monoclinic structure is 13%
(c/a≈0.87), both higher than those in Ni-rich Ni-Mn-
Ga systems. To date, there is only one measurement of
the MFIS in Mn2NiGa available for comparison with our
theoretical prediction reporting a 4% MFIS for the NM
structure of Mn2NiGa [33]. This should be compared
with a maximum of 0.17% MFIS obtained in the NM
tetragonal phase of Ni2MnGa single crystals with com-
position ratio close to 2 : 1 : 1 [66]. In Ref. 33, it was
observed that the reported 4% MFIS was nonsaturating
at a rather high magnetic field of 1.8 T. This raises the
expectation that with sufficiently higher magnetic fields
considerably larger MFIS may be obtained in Mn2NiGa.
In turn, experiments that observed modulated phases of
Mn2NiGa [40, 41] did not report MFIS. This is in con-
trast to the prototype Ni2MnGa, where strain as large
as nearly 10% was obtained for the 14M orthorhombic
structure with a magnetic field of only 0.5 T [3, 21].
The larger MFIS obtained in the modulated marten-
site phases of Ni2MnGa are attributed to the low twin-
ning stresses in comparison to the magnetic stress due
to the presence of adaptive modulations and mesoscopic
twin boundaries [19, 26]. Consequently, their absence ex-
plains the larger twinning stress and low MFIS in the NM
martensite phase of Ni2MnGa [67, 68]. A recent work of
Sozinov et al. [69],however, suggests that a MFIS, as large
as 12% can be obtained in the NM martensite phase if the
twinning stress can be lowered by lowering the tetragonal
distortion, which was realized in off-stoichiometric sam-
ples after simultaneous codoping of Co and Cu. A similar
strategy might be successful for Mn2NiGa, as well, as as
the observed MFIS so far, is already significantly higher
than Ni2MnGa. Detailed quantifications of twinned and
magnetic stress are, however, beyond the scope of the
present work.
6B. Energetics of the modulated structures
Figure. 3 shows the total energy curves, as a function
of the tetragonality, denoted by the value of (c/a), for
different modulated and the NM tetragonal structures of
Mn2NiGa considered here. The zero energy (c/a = 1) in
the NM curve corresponds to the high-temperature cubic
structure. In case of the NM structure, two energy min-
ima are observed, one corresponds to the lowest energy
L10 structure at c/a = 1.28 and another corresponds to
the aforementioned metastable minimum at c/a = 0.93.
The modulated structures 6M, 10M, 14M3/7 and 14M2/7,
obtained by shuffling lattice planes along the (110) direc-
tions in the cubic structure, have lower energies as is
seen from the total energies of different modulated struc-
tures at c/a = 1 (Fig. 3). At c/a = 1, the 6M structure
has the lowest energy, the energy of the structure being
lower by about 3 meV per atom with respect to that of
the cubic structure. It is to be noted that for Ni2MnGa,
it was the 10M structure that had the lowest energy at
c/a = 1 [60], while only the 6M has a metastable en-
ergy minimum close to the pseudocubic case [64]. Af-
ter relaxation of the lattice parameters, while keeping
the orthorhombic shape of the cell, all modulations gain
significantly in energy by increasing the pseudotetrago-
nal distortion. Therefore, we propose that a pseudocu-
bic 6M premartensite would be unstable against further
structural distortions. With the orthorhombic constraint
for the simulation cell, the minimum energy state is ob-
tained for the 14M2/7 modulation. This is in agreement
with the results of Brown et al. obtained at low temper-
ature [41]. Relaxations of the shapes of the cells convert
the 10M and 14M pseudotetragonal structures to mono-
clinic 10M(32¯)2 and 14M(52¯)2 structures by lowering en-
ergies further (shown in Fig. 3 by filled triangles). Once
again, the 14M(52¯)2 structure has the lowest total energy,
in agreement with the observation of a monoclinic 14M
structure by Singh et al. [40]. The hierarchy of energetics
for the nanotwinned structures with monoclinic symme-
try is the same as obtained from DFT calculations for
Ni2MnGa [64]. However, there is a noticeable difference.
For Ni2MnGa, the energy difference between the relaxed
14M structure (the modulated structure with the lowest
energy) and the NM tetragonal structure was nearly zero
whereas in the present case of Mn2NiGa, the difference is
about 18 meV per formula unit, significantly larger than
that in the case of Ni2MnGa. This indicates a significant
energy penalty associated with the formation of nanotwin
interfaces in Mn2NiGa as opposed to Ni2MnGa, where
this interface energy turns out to be very small. Ac-
cording to the concept of adaptive martensite of Khacha-
turian et al. [24], a large interface energy can effectively
inhibit the formation of adaptive microstructures on the
nanoscale. This may, however, be overcome by exter-
nally applied stress, which conforms with the experimen-
tal observation of Singh et al. [40] that the observation
of modulated structures in Mn2NiGa are dependent on
the residual stress. Other experiments indicate the for-
mation of secondary phases or precipitates depending on
the annealing conditions [41, 70, 71]. Respective changes
in local composition due to segregation and chemical dis-
order may alter the energy landscape considerably. For
instance, it has been reported that at least the magnetic
moments are significantly affected by chemical disorder
and structural distortion [72–74].
Our present study is restricted to the case of single-
phase, fully stoichiometric systems, where we can con-
clude from the T = 0 energy landscape, that due to
the lack of energy barriers aside from microstructure,
the system should evolve downhill into a martensitic
state with significant tetragonal or orthorhombic distor-
tion along a comparatively steep transformation path,
once a specific modulation is established. Thus, we in-
terpret the absence of a corresponding energy minimum
as the signature of prevention of the formation of a stable
premartensite, in agreement with experiment. Further,
once a modulation with tetragonal or orthorhombic lat-
tice parameters is established, we can expect that it will
subsequently transform into a nanotwinned monoclinic
structure, according to the associated energy gain of 6
to 8 meV/atom. This structure consists of nonmodu-
lated building blocks separated by atomically sharp twin
boundaries. In Ni2MnGa, the nonmodulated and nan-
otwinned arrangements are nearly degenerate, which ef-
fectively slows down the coarsening process [27, 30, 64].
In Mn2NiGa, however, the system can gain further 5 to
7 meV/atom by eliminating the twin boundaries, which
should speed up the kinetics of the transition to the
L10 ground state significantly, such that nanotwinned
structures might not become observable unless they are
stabilized by external strain. A concrete prediction of
temperature- and stress-induced transitions in terms of
the free energy must be left open at this point, since this
involves a computationally significantly more involved es-
timate of vibrational and magnetic entropy, which can
play a decisive role at finite temperatures as shown pre-
viously for Ni2MnGa [28, 75]. In the next subsection,
we discuss the relative stabilities of different martensitic
structures, as shown in Fig. 3 and Table III in terms of
their electronic structures.
TABLE III: The equilibrium energies (in meV per atom) of
the NM tetragonal (L10) and different modulated structures
relative to the energy of the high-temperature cubic phase.
The zero energy is considered to be that of the cubic structure
(A). The corresponding c/a ratios are given. For monoclinic
structures, c/b ratios are given in parentheses.
c/a0 Energy(meV/atom)
EA−6M 0.89 -12.00
EA−10M 0.88 -14.47
EA−14M3/7 0.89 -14.35
EA−14M2/7 0.88 -18.42
EA−10M(32¯)2 0.87(0.88) -20.71
EA−14M(52¯)2 0.87(0.89) -22.69
EA−L10 1.28 -27.37
7C. Electronic structures of the modulated phases
In this section, we show the results on the densities of
states (DOS) of different modulated and NM structures
and try to understand the results on relative stabilities of
the different structures by analyzing them. We first focus
on the comparisons of the densities of states of the pseu-
docubic structures, the modulated 6M, 10M and 14M
structures with c/a = 1, with that of the cubic structure.
The total densities of states near the Fermi level for the
cubic and the four pseudocubic structures are shown in
Fig. 4. Since the relative stabilities of the different struc-
tures can be understood from the features near the Fermi
level, it is enough to focus on the features in the nearby
region only. The results of Fig. 4 clearly show that the
major changes in the densities of states are coming from
the minority spin bands. For the cubic structure, the
minority densities of states at the Fermi level were the
largest. The lowering of the symmetry due to modulation
redistributes the states at the Fermi level, which stabi-
lizes the modulated phases. The particular stability of
the 6M pseudocubic structure is reflected in the opening
of a pseudogap in the minority band at the Fermi level.
The direct comparison between the cubic structure and
the 6M pseudocubic structure presented in Fig. 5 shows
this more prominently. A look at the atomic contribu-
tions reveals that the features near the Fermi level, dis-
tinguishing the electronic structures of different phases,
stem from the d electrons of MnI and Ni atoms which
are occupying lattice positions, which correspond to the
equivalent positions of Ni in the case of Ni2MnGa. In
both cases these states are responsible for the features in
the electronic structures near the Fermi level.
The relative stability of the 6M, 10M and 14M mod-
ulated structures with orthorhombic lattice parameters,
obtained upon relaxation of the lattice parameters of the
pseudocubic structures, can be motivated in the same
way. A more elaborate discussion on this along with the
densities of states for different pseudotetragonal struc-
ture is in Ref. 76.
In Fig. 6, we show a comparison of the densities of
states of monoclinic 10M and 14M structures along with
that of the NM tetragonal structure. Here, the over-
all structures of the densities of states are very similar
to each other. In particular, very few changes are ob-
served around the Fermi level. The densities of states at
the Fermi level gradually decrease from the 10M struc-
ture to the NM structure, a trend consistent with the
trends in the energetics, thus explaining the relative sta-
bilities of the three phases. In Ni2MnGa, a similar close
correspondence was observed for the densities of states
for the three structures. Since the electronic density of
states represents a fingerprint of the local electronic en-
vironment at each site, this leads to the understanding
that these optimized modulated structures are defected
representations of the NM martensite, the so-called nan-
otwinned martensites. This, together with the extremely
low values of γtwin, the interface energies correspond-
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FIG. 5: Total and atom-projected density of states of
Mn2NiGa in the pseudocubic 6M modulated structure. The
total density of states in the cubic Hg2CuTi-type structure is
shown for comparison.
ing to the martensitic twin boundaries, led to the con-
clusion that the Ni2MnGa is a paradigmatic example of
an adaptive martensite [19, 26, 27]. For Mn2NiGa, al-
though the close connections between the densities of
states of the fully relaxed modulated martensites and
the NM martensite are visible, the values of γtwin are
one order of magnitude larger than those in Ni2MnGa.
The γtwin is defined by the energy difference between
the NM and the corresponding modulated structure per
unit area of the interface. The energy difference be-
tween the NM and the 10M(32¯)2 and 14M(52¯)2 mod-
ulated structures of Mn2NiGa are 26.63 meV/f.u. and
18.72 meV/f.u., respectively. So, the calculated γtwin
values for the 10M(32¯)2 and 14M(52¯)2 modulated struc-
tures are 2.86 meV/A˚2 and 2.02 meV/A˚2, respectively
while those for Ni2MnGa are only 0.25 meV/A˚
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FIG. 6: Total density of states of fully relaxed modulated
structures. The density of states in the NM tetragonal (L10)
structure is also plotted.
meV/A˚2, respectively.
The similarities in the electronic structures of the fully
relaxed modulated structures and the NM tetragonal
structure along with the geometric visualization of the
NM tetragonal building blocks in the supercell of the
modulated structures indicate that the modulated struc-
tures can be conceived as nanotwinned structures with
a high number of interfaces between its nonmodulated
twins, but the high values of γtwin hamper the realiza-
tion of adaptive martensites in Mn2NiGa. The question
of whether such structures can become thermodynami-
cally stable without additional external stress can only
be addressed through the computation of the free en-
ergy and is beyond the scope of the present work. An-
other immediate outcome of the similarities in the elec-
tronic structures across various phases is the similarity in
their element-resolved magnetic moments listed in Ref.
76. The moments agree well with previously reported
numbers [38, 39, 71–73, 77–79]. In the next subsection,
we focus on understanding the origin of the modulated
martensites in Mn2NiGa.
D. Phonon instability, Fermi Surface Nesting and
Generalised Susceptibility
The total energy curves and the analysis of the den-
sities of states of austenite and different modulated and
NM martensites of Mn2NiGa provide us with the possible
sequence of phase transformation, relative stabilities of
different martensites and changes in the electronic struc-
tures as the system makes a transition from the cubic
austenite to the NM martensite phase via different mod-
ulated structures. The question now remains as to why
different modulated structures are observed to occur.
Phonon dispersion relations in Ni2MnGa provided an
important clue to the origin of particular modulated
structures observed experimentally. An anomalous soft-
ening of the transverse acoustic (TA2) phonon branch
in [ξξ0] direction in the cubic L21 phase, with the pro-
nounced softening at ξ ≈ 0.33, ξ being the reduced re-
ciprocal lattice vector, was interpreted to be the pre-
cursor to the martensitic transformation. DFT calcula-
tions of phonon dispersion relations for the L21 austenite
phase in Ni2MnGa provided completely unstable trans-
verse acoustic mode (TA2) along the [ξξ0] direction with
the ξ value at which the instability is pronounced be-
ing close to 0.33 [23]. The wave vector at which the
instability is maximum could be fitted into a 6M modu-
lated structure, and thus the 6M phase was interpreted
to be the premartensitic phase arising out of the phonon
instability. Later DFT calculations found the phonon
instability rather at around ξ ≈ 0.4 [80], which could
be connected to a 10M modulated structure observed in
diffraction experiments. Taking the cue from Ni2MnGa,
we have computed the phonon dispersion relations for
Mn2NiGa.
In Fig. 7 we plot the phonon dispersion relations for
Mn2NiGa along different symmetry directions in the en-
tire Brillouin zone. We compare this directly with the
calculated dispersion of Ni2MnGa from Ref. 81, which
was obtained in a similar technical setup and agrees ex-
cellently with the dispersion measured by inelastic neu-
tron scattering. In Mn2NiGa, along the [ξξ0] direction,
we find the TA2 mode to be unstable with the frequency
being imaginary in the range between Γ and ξ = 0.45
with a pronounced instability (the minimum value of the
frequency) at ξ ≈ 0.33. The results agree very well with
an earlier calculation with density functional perturba-
tion theory (DFPT) using ultrasoft pseudopotentials [82],
except a small deviation regarding the range for which
the frequency of the TA2 mode is imaginary. This small
deviation might be due to use of different pseudopoten-
tials and different parameters in DFPT [82]. We do not
find any instability in any of the other symmetry direc-
tions. The comparison with Ni2MnGa shows that the
dispersion relations in the two materials are very simi-
lar, highlighted by the single instability along the [ξξ0]
direction, and differing only in the ξ value at which the
instability is most pronounced. This implies that the
phonon related physics would be very similar for the two
systems. One immediate consequence of the phonon in-
stability in Mn2NiGa would be to associate it with the
6M modulated structure which is found to be the most
stable pseudocubic structure in our calculations, much
the way it was done in case of Ni2MnGa [23, 80]. How-
ever, deeper understanding into the electronic origin of
the modulated structures needs to be gained from fur-
ther analysis of the phonon dispersions along the given
direction.
The softening of acoustical modes in martensitic ma-
terials at a finite fraction ξ of a reciprocal lattice vec-
tor q in a specific direction is frequently discussed in
terms of electron-phonon coupling. The contribution
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from electron-phonon coupling to the dynamical matrix
is given by the expression [86, 87]
Dαβel−ph(q) =
∑
k,m,n
f(εk,m)− f(εk+q,n)
εk+q,n − εk,m ×
× gα∗k,m,k+q,n gβk+q,n,k,m , (1)
where f is the Fermi distribution function, εk,m are the
energies of band m corresponding to the reciprocal lattice
vector k, and α, β refer to the Cartesian directions. The g
denote the matrix elements describing the strength of the
electron-phonon coupling. As these are difficult to calcu-
late and in many cases only little variation is expected,
they are often treated as constant. In the constant ma-
trix element approximation, one can obtain, from the
phonon self energy, the so-called generalized susceptibil-
ity χ′0(q, 0) [88], which is the real part of the bare elec-
tronic susceptibility
χ0(q, ω) =
∑
k,m,n
f(εk,m)− f(εk+q,n)
εk+q,n − εk,m − ~ω − iδ (2)
in the low phonon frequency limit ω → 0. The denomina-
tor of χ′0(q, 0) is the difference in the occupation of initial
and final states connected by a wave vector q, which be-
comes maximum when the former are occupied and the
latter empty. Therefore peaklike features in the general-
ized susceptibility can be regarded as indication for an
electronic instability which is related to the topology of
the Fermi surface. From the imaginary part χ′′(q, ω), one
can derive the quantity
lim
ω→0
χ′′0(q, ω)
ω
=
∑
k
δ
(
εk − εF
)
δ
(
εk+q − εF
)
. (3)
It is termed the “nesting density” since it provides a mea-
sure for nesting regions of the Fermi surface, which are
connected by a rigid vector q. The nesting density is
FIG. 8: Minority spin (top row) and majority spin (bottom
row) Fermi surfaces of Mn2NiGa (left column) and Ni2MnGa
(right column) in the extended zone scheme, represented by
a cubic box with the edge length 2pi/a. The center and the
corners of the box refer to the Γ point. Each band cross-
ing the Fermi energy (three in the case of the majority spin
channel and two for the minority spin channel) is indicated
by an individual color (green: 17th spin-up and the 13th spin-
down band of Ni2MnGa and 14
th spin-up and 13th spin-down
band of Mn2NiGa; orange: 18
th spin-up and 14th spin-down
band of Ni2MnGa and 15
th spin-up and 14th spin-down band
of Mn2NiGa; blue: 19
th spin-up band of Ni2MnGa). The
Fermi surfaces agree excellently with previous calculations for
Mn2NiGa [77, 82] and Ni2MnGa. [23, 32, 48, 49, 83–85] The
red arrows indicate possible nesting vectors according to the
respective first maxima of χ′0(q, 0) at q= ξ1 [1 1 0] as calcu-
lated in this work.
straightforwardly obtained from the Fermi surface alone,
whereas χ′0(q, 0) also contains contributions from bands
farther away from the Fermi surface. These are not effec-
tively suppressed since their contributions scale inversely
to the energy difference between occupied and unoccu-
pied states. Indeed, this may be significant in the sense
that their extremal features do not necessarily coincide.
One example is the so-called hidden nesting observed in
purple bronze, which can occur, although obvious nest-
ing features are absent according to avoided crossing of
bands right at the Fermi surface [89]. Consequently, the
use of Eq. (3) as a replacement for χ′0(q, 0) has been crit-
icized [90].
The connection between Fermi surface nesting and the
transition to a premartensitic modulated structure ap-
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FIG. 9: Real part of the generalized susceptibility in the low-frequency limit χ′0(q, 0) of Ni2MnGa and Mn2NiGa for wave
vectors q in the [1 0 0]-[0 1 0] plane: (a) and (b) show the minority spin contribution, (c) and (d) the majority spin channel.
Panel (e) shows the cross sections along the [1 1 0] direction indicated by the dashed lines in (a)−(d). In all cases, a moderate
electronic temperature of T = 50 K was assumed to smoothen the features. The long-wavelength limit χ′0(0, 0) has been
subtracted, such that the absolute magnitude of the features represented by the color coding can be compared. The difference
between two neighboring contour lines is 0.1 (arbitrary units) in (a)-(d).
pears to be well established for the case of the conven-
tional shape memory alloys (see Ref. 91 for a discus-
sion). For the magnetic shape memory system Ni2MnGa,
a first systematic discussion of band structure, Fermi sur-
face, and generalized susceptibility was provided by Ve-
likokhatnyi and Naumov [92]. The authors found that in
the minority spin χ′(q), there were two pronounced max-
ima along [110] (in units of pi/a, where a is the lattice
constant), one at ξ1 = 0.43 and a second at ξ2 = 0.59.
Due to the discrepancy with the experimentally observed
phonon softening at experimental value ξ ≈ 0.33, the au-
thors suggested that the transition to the 6M premarten-
site should rather be of anharmonic origin following the
suggestion of Gooding and Krumhansl [93, 94], while ξ1
corresponds to the incommensurate 10M martensite ob-
served in diffraction experiments. Lee, Rhee, and Har-
mon [22] pointed out that a peak corresponding to the
6M premartensite exists in the χ′(q, 0) of the 17th ma-
jority spin band. The position of this feature is fine
tuned through the reduction of the Ni exchange split-
ting and eventually matches the observed 6M modulation
due to the increasing magnetic disorder at finite temper-
atures, which was confirmed later on by similar calcula-
tions of Haynes and co-workers [84]. Bungaro, Rabe, and
Dal Corso [23] directly compared the Fermi surface with
the full phonon dispersion of austenite Ni2MnGa calcu-
lated by means of density functional perturbation the-
ory [95]. Their calculations reveal an instability in the
[110] direction which corresponds to the nesting vectors
obtained from cross sections of the Fermi surface. Later
work [32, 48, 51, 56, 84] confirmed this picture, which
coincides well with the nesting present in the minority
spin Fermi surface shown in Fig. 8. The shape of the
minority spin Fermi surface of Ni2MnGa has been veri-
fied experimentally using the positron annihilation tech-
nique [84]. An analogous relation between Fermi surface
nesting and phonon instability has also been proposed for
Mn2NiGa [77, 82], while calculations of χ
′
0(q) are miss-
ing for this system, so far. The antiparallel orientation of
the spin moments of Ni and MnI allows for a perfect hy-
bridization of their minority spin states. In consequence
the minority Fermi surfaces of Ni2MnGa and Mn2NiGa
are nearly identical. The only visible difference is the
smaller distance of the (orange) plane sheets forming the
narrow rectangular channels in Mn2NiGa, which origi-
nates from the eu-peak being slightly closer to the Fermi
level. In turn, MnI does not occupy all states in the
majority channel, which reduces hybridization and the
majority spin Fermi surfaces of Ni2MnGa and Mn2NiGa
do not resemble each other at all, as can be seen from
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the lower panels of Fig. 8. From this, we can conclude
that mechanisms derived from the electronic structure
of Ni2MnGa should be transferable to Mn2NiGa, if they
involve the minority spin states only. In contrast, ef-
fects connected to features of the majority spin elec-
tronic structure in Ni2MnGa should not be observed in
Mn2NiGa.
In Fig. 9 we present a detailed comparison of χ′0(q, 0)
between both systems, Ni2MnGa and Mn2NiGa, for both
spin channels. Unlike previous studies on Ni2MnGa, we
take into account vectors q in the whole [1 0 0]-[0 1 0]
plane. We consider all bands present in an interval of
± 0.5 eV around the Fermi level, which are in particu-
lar the 17th-19th spin-up and the 12th-15th spin-down
bands for Ni2MnGa and the 12
th-15th spin-up and the
14th-17th spin-down bands for Mn2NiGa (not counting
the Mn- and Ni-3p and Ga-3d semicore states). To allow
for direct comparison, the scale of all panels in Fig. 9 is
the same. This was realized by subtracting χ′0(0, 0), fol-
lowing the argument that for q → 0, the electronic and
ionic contributions of the dynamical matrix cancel each
other [96]. The cross section along [110] shown in Fig. 9
(e) shows pronounced maxima at ξ1 = 0.4 and ξ2 = 0.6
in the minority spin channel and at ξ1 = 0.3 and ξ2 = 0.7
in the majority channel for Ni2MnGa, which reproduces
the trend previously reported by Lee et al. [22], in par-
ticular the much smaller magnitude of the features in the
majority compared to the minority channel.
The small differences in the numerical values of Refs.
92 and 22 may be related to the use of the GGA in the
present study as opposed to the LDA exchange correla-
tion used previously. For Mn2NiGa, the minority channel
shows, as expected, a very similar structure, with slightly
shifted and lesser pronounced maxima at ξ1 = 0.35 and
ξ2 = 0.65. As depicted in Fig. 9 (a,b), these maxima
are indeed confined to q along [1 1 0]. If we identify the
maximum at smaller ξ with the soft TA2 phonon, this
fits very well to the instability being observed at smaller
wavelength in Mn2NiGa. The close similarity between
both systems in the minority spin χ′0(q) extends to the
entire [1 0 0]-[0 1 0] plane and includes also the maxima
close to [1 0 0] and the satellites around [ 12
1
4 0]. In con-
trast, the generalized susceptibility shows no resemblance
between both system in the majority spin channel. In
Mn2NiGa, the majority spin χ
′
0(q, 0) is essentially fea-
tureless, while in Ni2MnGa, we find the above-mentioned
maximum in the [1 1 0] direction around ξ1 = 0.3, which
Lee et al. related to the premartensite modulation [22].
On the premise that the modulation in martensite and
premartensite could be of different origin this alone is
not necessarily a contradiction, since in experiment a
premartensitic modulation has not been reported for
Mn2NiGa so far.
The red arrows in Fig. 8 show exemplarily the vectors
belonging to the maxima at q= ξ1 [1 1 0]. As discussed
above, maxima of the generalized susceptibility do not
necessarily need to indicate the most frequent nesting
vectors characterized by χ′′0(q, 0). Nevertheless, they ap-
pear to achieve this quite well for the minority channel of
both Ni2MnGa and Mn2NiGa. Here, nesting is expected
between the walls of the rectangular flat channel struc-
ture formed by the 14th band (indicated by the arrows
in the top row of Fig. 8), as well as between the parallel
surfaces of the cube like structures formed from the 13th
band (which are hidden beneath the sheets of the 13th
bands) [23, 48, 77, 82, 84, 92]. In the majority channel of
Ni2MnGa, nesting was reported to occur mainly within
the 17th band between the flattened surfaces of the cen-
tral hole pocket around Γ and its periodic images (again
hidden in Fig. 8 by the surfaces 18th and 19th band)
[22, 84], while some nesting is also present in the other
bands.
Conversely, the importance of Fermi surface nesting
for the systems might be assessed by comparing the elec-
tronic density of states between the dynamically unstable
cubic L21 phase and the energy-minimizing modulation
in pseudocubic structure in a cell with L21 lattice pa-
rameters. Since the redistribution of states at the Fermi
level is thought to drive the transition to the martensitic
modulation in the spirit of a Peierls instability, a con-
densed soft phonon should remove the nesting parts of
the Fermi surface, accompanied by a characteristically
reduced DOS around the Fermi level. This is indeed
the case for the minority spin channel of Mn2NiGa as
shown in Fig. 5 (see Ref. 76 for other modulations) in
a very similar fashion to that for the minority channel
of Ni2MnGa (Ref. 97 and Ref. 76). In turn, the ma-
jority channel DOS remains essentially unaltered at the
Fermi level, even for Ni2MnGa, which underlines the im-
portance of the minority spin eu states for the electron-
phonon coupling in both cases. Thus the comparison of
both systems yields a strong support for the view that the
softening of the [1 1 0] TA2 acoustic branch observed in
the ground-state phonon calculations is essentially nour-
ished by the nesting features of the minority spin Fermi
surface. A final discussion of this issue requires, however,
the first-principles evaluation of the respective electron-
phonon coupling matrix elements, which is beyond the
scope of the present work.
IV. CONCLUSIONS
Using density functional theory based calculations, we
have presented a comprehensive study of the structural
and electronic properties of the recently found, compar-
atively less explored shape memory alloy Mn2NiGa. Our
calculations confirmed the existence of the experimen-
tally observed 14M modulated martensite phases with
two different symmetries. Our calculations revealed the
possible existences of other modulated martensites, 6M
and 10M with orthorhombic symmetry and 10M(32¯) with
monoclinic symmetry. The total energy calculations in-
dicated that the high-temperature cubic phase will be
first driven towards a intermediate 6M pseudocubic pre-
martensite state, which should immediately decay down-
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hill into a modulated structure with a significant pseu-
dotetragonal distortion. Afterwards the relaxations of
the internal coordinates and the structural parameters
will stabilize other modulated structures. This corre-
sponds well to the fact that the complementary phonon
calculations in the cubic phase show that the cubic struc-
ture is unstable and that the instability can be mapped
onto a 6M modulated structure. Our results attribute
the origin of the instability to the Fermi surface nesting
features in the minority spin bands, while no support-
ing contribution is encountered from the majority spin
electronic susceptibility. The striking similarities in the
features of the minority band Fermi surfaces and the sus-
ceptibilities for Mn2NiGa and Ni2MnGa lead us to be-
lieve that the electronic mechanism driving the marten-
site transformations in these two systems are similar.
The calculations of the structural parameters in various
modulated phases and the relative energies (of modulated
phases) with respect to the non-modulated ground state
reveal important differences with Ni2MnGa, the proto-
type magnetic shape memory alloy. On the other hand,
this also indicates that the maximum achievable MFIS
in Mn2NiGa would be greater than that in Ni2MnGa.
In summary, comparing our DFT results for Mn2NiGa
side by side with Ni2MnGa, we would like to sketch the
following potential scenario for the martensitic transfor-
mation process: In both systems, wavelike modulations
in the cubic phase provide an energetic advantage of a
few meV/atom over the L21 austenite. This arises from
the nesting features of the Fermi surface connected to an
enhanced electronic susceptibility at specific wave vec-
tors along [110]. When temperature becomes sufficiently
low, this may end in a static modulation of the ionic po-
sitions. In Ni2MnGa this corresponds to the premarten-
sitic 6M state, which is stabilized by vibrational entropy
in a certain range of temperatures above the martensitic
transformation [75]. Although the energy gain from a
6M modulation in the pseudocubic lattice is significantly
larger in Mn2NiGa, this does not imply a stable pre-
martensite phase, here. The reason is that the pseudo-
tetragonal wave-like 6M in Ni2MnGa has a metastable
energy minimum at c/a = 0.985, close to 1, whereas
in Mn2NiGa this condition is not fulfilled as the energy
landscape implies a downhill relaxation towards a state
with a much larger tetragonal distortion c/a, which is
similar for all modulated structures. Our calculations
only consider commensurate modulations. Thus, we can-
not exclude incommensurate modulations being lower in
energy. But we expect such modifications to be small,
since the extremal features in the generalized susceptibil-
ity and the imaginary phonon branches are rather close to
the commensurate wave vectors. In addition, there is no
reason to stop the relaxation process right here, since the
other modulations in the pseudotetragonal cell and even
more the monoclinic nanotwinned states are significantly
lower in energy. According to the concept of adaptive
martensite [24], a specific twinning sequence will be fa-
vored since it additionally benefits from minimizing the
elastic energy at the interface to austenite, which domi-
nates when the growing martensite plates are still suffi-
ciently small. For Ni2MnGa, recent DFT results imply
that pseudotetragonal 10M modulation may finally be
stabilized by vibrational entropy [28], while the adaptive
nanotwinned 14M structure is nearly degenerate with the
non-modulated L10 phase at T = 0 [27, 30]. Therefore,
macroscopic regions of 14M can remain metastable for a
very long time. Eventually, the nanotwin boundaries may
be eliminated in an irreversible twin coarsening process
through the (stress-induced) motion of twinning disloca-
tions [26, 98]. We expect the significantly larger twin
boundary energy in Mn2NiGa to speed up this process,
such that the nanotwinned intermediate state might not
be observed unless the sample is strained. This, once
again, corresponds well to the experimental observation
of stress-induced modulated structures in Mn2NiGa [40].
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